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r-ICS. 2. Thermal-expansion coefficients for PbZr„ 32 Ti 0 .4H O A w ' ln Nb 2 0 3 
ceramics for tihpoletl (crl and poled material (or t .nrj) (see Ref. 13). The latter 
shows a strong asymmetry for the directions parallel (cr y ) and perpendicular 
(rr,> lo the poling direction. 



and poled PZT parallel (tr,) to the poling direction. We will 
use these data in Eq. (2) to calculate the thermal stresses 
within the Pt and PZT films deposited on a Si substrate. 

In addition to "bulk" film stresses, interfacial stresses 
may also be present. This is the result of the work required to 
elastically deform a unit area of interface and is relatively 
small. For instance, in Au/AUO, multilayers interface 
stresses only contribute significantly to the total film stress in 
case the alternating Au and Al 2 0 3 films have thicknesses 
smaller than 10 nm. M Consequently, interfacial stress will 
not be discussed further in this paper. 
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oxidized silicon wafers as a function of pressure in the deposition chamber 
for four power settings. 



FIG. 4. Scanning electron micrograph of (a) an unannealed bottom electrode 
showing no texture and (b) an annealed bottom electrode showing small 
hillocks. The film thickness was 4 nm Ti -(-70 nm Pt and the anneal tempera- 
ture was 700 °C 



C. Pulse measurements 

The measurements of the switched and nonswitched po- 
larization of capacitors prepared from the Pt/PZT/Pt stacks 
were performed following the methods described in Ref. 15. 
The size of these capacitors was 2000 ^m 2 . The processing 
of the capacitors has been described elsewhere. 8 



III. STRESS EVOLUTION DURING PROCESSING 

A. Stresses in the Pt bottom electrode 

The stress in a sputtered metal film can be varied over a 
wide range, from tensile to compressive, by modifying sput- 
ter conditions such as pressure and power. 3 This typical bec_ 
havior Is also observed for the 4 nm Ti-f-70 nm Pt bottom 
electrode. Figure 3 shows the stress for films deposited with 
variations in the pressure within the sputter chamber for dif- 
ferent power settings of the machine. The pressure at which 
the compressive- tensile transition occurs increases with the 
applied power. A power of 800 W and an Ar pressure of 20 
mTorr are used as standard conditions for platinum deposi- 
tion in this work. Under these conditions highly compressive 
bottom electrodes arc deposited with it=— 700 to -750 
MPa. For the deposition of PZT by the sol-gel technique 
applied here it is essential to anneal the bottom electrode at 
temperatures above 600 °C prior to the PZT deposition. The 
hillocks which are formed at the surface of the platinum film 
(Fig. 4) act as nuclei for the crystallization of the perovskite 
PZT phase and lead to a fine grained PZT film without any 



1928 J. Appl. Phys.. Vol. 78, No. 3, 1 August 1995 



Spierings et ai 



BEST AVAILABLE COPY 



BEST AVAILABLE COPY 



CL 
5 



t/5 




300 500 
Temperature ("0 



700 



FIG. 5. Stress in a 4 nm Ti + 70 mri Pt film on an oxidized silicon wafer 
during a (hernial cycle in N 2 . Also shown is the theoretical thermal stress 
(dashed broken line) calculated from the thermal-expansion coefficients of 
Si (see Ref. 12) and Pt (see Ref. 10). 



second phases. 6 Both „»wo 
cling in nitrogen and the stress 
in N 2 /0 2 were investigated. 



the stress evolution during thermal cy- 
h*. c»i*pcc level after a furnace annealing 



1. Stress development during thermal cycling 

The platinized wafer was heated in the furnace of the 
stress analyzer at a rate of 15 °C/min in a nitrogen atmo- 
sphere from 25 °C to a temperature of 700 °C and subse- 
quently cooled to room temperature. During this thermal 
cycle the stress was determined at regular time intervals. The 
results are shown in Fig. 5. 

Initially upon heating the compressive strength increases 
almost linearly clue to a larger thermal expansion of platinum 
compared to the silicon wafer. Aboy,e_20Q.°C some stress 
relajtaiLoji_sJUjrts, but between 370 and 500 °C the compres- 
sive stress increases, presumably due to the_dii!usionL_aL.a 
njirXjoQheJTMnto^ Above 500 °C a stress relax- 

ation process is observed, caused by recrystallization pro- 
cesses within the Pt film resulting in a much stronger Pt(200) 
XRD reflection; 6 this occurs in combination with the forma- 
tion of small hillocks as illustrated in Fig. 4. The compres- 
sive stress decreases to a relatively small value. Some addi- 
tional stress relaxation occurs when the wafer is kept for a 
longer time at 700 °C. During cooling of the wafer to room 
temperature a large tensile stress develops. This is due to the 
much larger thermal expansion of platinum as compared to 
silicon substrate. The thermal stress calculated using Eq. (2) 
(dotted line in Fig. 5) agrees very well with the experimental 
stress data obtained during cooling. A completed thermal 
cycle changes the stress from a 700 MPa compressive stress 
which is mostly intrinsic in nature to a thermal tensile stress 
of about 1000 MPa. Repeating this heating cycle again gives 
the upper curve of Fig. 5 which indicates a stable stress 
situation in the Pt electrode after annealing. 

2. Stress after an NJ0 2 anneal treatment 

A standard treatment of the bottom electrode prior to the 
PZT deposition consists of an annealing of 30 min in N>/Oi. 
The resulting stress for different anneal temperatures is 
shown in Fig. 6. After an annealing at above 600 °C the 
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FIG. 6. The room-temperature stress of a 4 nm Ti+70 mn Pt bottom elec- 
trode after annealing for 30 min in Nj/O, for various anneal temperatures. 



stress is thermal in nature and the Pt film is also covered with 
small hillocks. The thin Tt film is oxidized and a small part 
of it has diffused to the surface. 6 Nevertheless, a sharp inter - 
face between the TiO r and t he_.gL.film is still observed . After 
an annealing at 650 °C, the standard for our PZT deposition 
method, a stress of 950 MPa tensile is found, which is very 
similar to the value found after the thermal cycling in N 2 . 
Electrodes annealed at lower temperatures (450 and 550 °C 
with <r=— 660 and 166 MPa, respectively) were also used 
for PZT deposition. This allows the investigation of effects 
of subsequent PZT and top electrode processing on the stress 
in the not full y annea led bottom electrode (see Sec. IV A). 
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f esses* in the" PZT film ' 



The^PZT-fi lin^was^depos ited using the standard proce- 
dure described above. In this section only results for bottom 
electrodes annealed at 650 °C will be treated. The curvatures 
of the wafer were measured after each spin-coating step (in- 
cluding the bakeout) and after the final annealing. The stress 
in each layer was calculated from the curvature using Eq. (I). 
The results are given in Table II. The stress levels in the 
PZT film are much smaller than those in the Pt electrode. 
This partly reflects a much smaller difference in thermal- 
expansion coefficients between the PZT film and the sub- 
strate than between the Pt film and the substrate. 

The first PZT layer deposited on the Pt film is compres- 
sive and the two subsequent layers deposited on PZT itself 
are increasingly tensile. This difference indicates that the 
level of the intrinsic stress in the PZT depends on the under- 
lying material on which it is deposited. The combined stress 
in the three-layer PZT film amounts to 18 MPa tensile (Table 



TABLE II. The sircss at room temperature after deposition and bakeout of 
each of the three PZT layers as well as integrated over the complete stack 
and after the final annealing. 





Film thickness 


.Stress 




(nm) 


(MPa) 


PZT layer 1 


90 


- 128 


PZT layer 2 


65 


51 


PZT layer 1 


65 


191 


PZT total 


220 


18 


PZT annealed 


220 


113 
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FIG. 7. Stress in a 220 nm PZT film prepared by sol gel as a function of 
temperature during thermal cycling from 25 to 550 °C. The experimentally 
determined stress is compared with the thermal stress calculated from the 
thermal-expansion coefficient of the PZT film (see Ref. 13) for three cases: 

(a) unpoled polycrystalline PZT { ). (b) poled polycrystalline PZT 

with the polarization directed parallel to the plane of the film ( ), and (c) 

the same with the polarization directed perpendicular to the surface ( — ). 



II). An anneal treatment at 650 °C increases the level of ten- 
sile stress to 113 MPa. The stress development of each of the 
separate spin-coated PZT films was not investigated sepa- 
rately. In the rest of this paper we treat the stress as being 
homogeneous and present over the whole PZT film. 

The stress in the annealed PZT film as a function of 
temperature was determined by the thermal cycling from 25 
to 550 °C of a film in nitrogen. The results of these measure- 
ments are shown in Fig. 7. A maximum stress is observed at 
about 450 °C. By repeating the thermal cycling the same 
curve is obtained, which indicates that the stress is thermal in 
nature and is caused by the differences in thermal-expansion 
coefficients between film and substrate. The shape of the 
curve can be understood on the basis of the thermal- 
expansion data for bulk PZT (a^j) as measured by Cook, Jr. 
et oi both for both unpoled and poled material' 2 and as 
shown in Fig. 2. 

Our films do show a preferential (111) and (100) orien- 
tation, but all crystallite orientations are essentially present. 
Therefore a qualitative comparison with the randomly ori- 
ented bulk PZT material is possible. As shown in Fig. 2 for 
unpoled material, a VZT has a large temperature dependence. 
Below the Curie temperature (7 C ) it is smaller than that of 
the substrate material silicon, which has a thermal-expansion 
coefficient that gradually increases from 2.5XI0" 5 at 25 °C 
to 4.1 X I0" 6 at 600 °C. 13 At higher temperatures the thermal- 
expansion coefficient of PZT exceeds that of silicon. The 
thermal-expansion coefficient becomes very anisotropic after 
poling. For the direction parallel to the polarization the ther- 
mal expansion coefficient has a large negative value, 
while for the direction perpendicular to the polarization a 
positive thermal-expansion coefficient (a,) not very different 
from that of Si was found. 



Using the thermal-expansion data for PZT from Fig. 2 
and the thermal expansion of the substrate material Si/ 2 Eq. 
(2) was used to calculate the thermal stress in a PZT film 
deposited on silicon as a function of temperature. These cal- 
culated thermal stress curves can then be compared with the 
experimental curve in Fig. 7. This thermal stress calculation 
was performed for three cases: 

(a) The material in the film is randomly oriented and the 
thermal-expansion coefficient is a PZT [which equals 
(2a,+a 3 )/3]. 

(b) The polarization of the thin-film material is directed 
parallel to the substrate plane. The thermal expansion 
of the film parallel to the substrate is then given by 

(c) The polarization is directed perpendicularly to the sub- 
strate and the thermal expansion in the film parallel to 
the substrate is equal to «, . 

From Fig. 7 it is clear that the experimentally determined 
curve of the thermal stress during thermal cycling of the PZT 
film is qualitatively much more similar to that calculated for 
case (b) than for the two other cases. These results strongly 
suggest that the crystallites within the PZT films grown as 
described above have a polarization with a large component 
directed in the plane of the film. 

At 450 °C the tensile thermal stress reaches a maximum 
and above 450 °C it decreases. This indicates that above 
450 °C the thermal expansion of the PZT in the plane of the 
film becomes higher than that of the Si substrate. As Fig. 2 
shows, for bulk PZT this crossover point occurs at a tem- 
perature close to T c , 13 So, if it is assumed 17 that the tempera- 
ture at which the maximum in the stress occurs approxi- 
mately corresponds to the Curie point, T c is substantially 
higher than what has been found for the bulk material with 
r c = 386 °C. 13 A comparable increase of T c has been ob- 
served by Kwok and Desu. 17 They attributed this increase to 
the intrinsic tensile stress, which was also observed in this 
study. This tensile stress shifts the volume-decreasing ferro- 
electric to paraelectric transition, i.e., the Curie point, to a 
higher temperature. 17 For PbTi0 3 the pressure dependence of 
the Curie point for hydrostatic pressure is —0.07 K/MPa as 
determined by Samara. 18 Assuming the same value holds for 
thin-film PZT material with a tensile stress in the plane of the 
film, for a tensile stress of 330 MPa at temperatures of 
around 400 °C the increase in T c would amount to 23 °C. In 
view of the large number of assumptions, it can be concluded 
that this is a value not too far from the shift in T c observed 
by us. 

C. Stress in the Pt top electrode 

The as^deapslieiLi^Pjel^C 0 ^ nas a com pxessi.vfi^slress 
(cr= -520 MPa). This value is smaller than the value for the 
TwitoirTelectrode and it could indicate a somewhat changed 
microstructure. Figure 8 shows that thermal cycling of the 
top electrode shows a behavior very similar to that observed 
for the bottom electrode. It has to be noted that any changes 
in the stress of the PZT film are also included in the shape of 
the curves in Fig. 8. The stress in the top electrode at room 
temperature c hanged to 940 MPa tensile after a short anneal- 
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FIG. 8. Stress in a 70 nm Ft + 7 nm Ti film sputtered on a 220 nm PZT film 
during a thermal cycle in N 2 . 



ing treatment (5 mins in 0 2 at 500 °C). This is again very 
similar to the values found for the bottom electrode after the 
temperature cycling in N 2 as well as the annealing in N 2 /0 2 
(Fig. 5). Such an annealing treatment of processed, i.e., 
structured ferroelectric capacitors, is found to give a substan- 
tial improvement of the electrical properties. 8 

^IV.) STRESS ANALYSIS BY REMOVAL OF CAPACITOR 
LAYERS 

The total stress in the completed capacitor stack is the 
sum of the stresses in each film. When the stress of a film is 
measured after each processing step, the effect of this step on 
all the underlying films is also included in the curvature. This 
can give rise to an erroneous interpretation of the measure- 
ments. In order to eliminate such effects, stress measure- 
ments were carried otit in combination with removal of the 
different films. In that case the change in curvature of the 
wafer can be attributed to the stress present in the removed 
film. In Table III stress values obtained by the film removal 
method for the case of as-deposited as well as annealed top 
electrodes are given. 

lTa. 1 Stress in the bottom electrode after removing the 
top electrode and the PZT film 

The stress in the bottom electrode has to be compared 
with the value of 950 MPa before PZT deposition. It can be 
concluded that the stress in the bottom electrode is hardly 
influenced by the subsequent deposition, annealing, and etch- 
ing process steps carried out during the processing of the 
ferroelectric stack, provided it is annealed at a temperature at 
least equal to the maximal PZT and TE processing tempera- 

TABhE lit. The stress in the films within a fully processed stack as deter- 
mined by the film removal method for as-deposited and annealed top elec* 
trades. 





As deposited 


After anneal of top electrode 


Film 


(MPa) 


(MPa) 


Top electrode 






PZT 


" 80 


-*37* ) 


Bottom electrode 


~900 


895 : 



) 

TABLE IV. The curvature (in 1000 m" 1 ) at room temperature of wafers 
after the different BE and PZT processing steps with bottom electrodes 
annealed at 450, 550. and 650 °C. respectively. The curvature of the wafer 
after the deposition of the bottom electrode is arbitrarily taken to be 0 in"'. 

Wafer curvature (10* m" 1 ) 

Annealing temperature ('C) 



Process step 


450 


550 


650 




After BE deposition 


0 


0 


0 




After BE annealing 


0.8 


8.5 


16.4 


Cifz 


After PZT layer 1 


5.5 


9.7 


14.7 




After PZT layer 2 


9.2 


11.2 


15.1 




After PZT layer 3 


12.1 


13.3 


16.6 




After PZT annealing 


16.9 


18.1 


19. 1 





tures. In the case in which the PZT is deposited on bottom 
electrodes that are annealed at 450 and 550 °C, two stress- 
related effects occur simultaneously: the stress in the PZT 
film develops while the heating process (up to 650 °C) re- 
sults in stress modifications in the bottom electrode. Both 
processes lead to a change in the curvature of the wafer; 
however, this change cannot be assigned to either film. Table 
IV gives the curvatures during PZT processing for three bot- 
tom electrodes annealed at the temperatures 450 (with a 
= -660 MPa), 550 (with a=I66 MPa), and 650 °C (with 
<t=940 MPa). The results show that during deposition of the 
PZT with processing temperatures up to 650 °C the differ- 
ence in curvature found after the anneal of the bottom elec- 
trode at different temperatures gradually decreases. After the 
PZT annealing only a small difference remains. This indi- 
cated that the reconstruction of the Pt film that changes the 
stress level takes place even if the Pt film is covered with 
PZT. After the removal of the PZT and the top electrode all 
three types of bottom electrodes have similar tensile stresses 
of 850-950 MPa. 

-B. Stres in the PZT film after removing the top 
"electrode 

Table III shows a significant difference for the PZT film 
between the stresses after removal of the as-deposited elec- 
trode and after removal of the annealed top electrode. A com- 
parison with the value before the deposition of the top elec- 
trode (cr=113 MPa; see Table II) also clearly demonstrates 
the shift toward a more compressive stress of the PZT film 
induced by the top electrode annealing. One would expect 
this shift on the basis of the large tensile stress observed in 
both the bottom and top electrodes after annealing treat- 
ments. In order to further investigate the stress state of the 
PZT film as it is in the complete Pt/PZT/Pt stack, we mea- 
sured the dependence of the stress on a thermal cycling from 
25 to 575 °C after removal of the top electrode. This was 
done for the two cases of an as-deposited and an annealed 
top electrode. The results are shown in Fig. 9. In both cases 
the stresses during heating and cooling are different, with by 
far the largest change in the case of the annealed top elec- 
trode. The stress curves measured during cooling from 
575-X are in both cases qualitatively the same as the thermal 
stress observed for the thermal cycling of an as-deposited 
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FIG. 9. Stress in a PZT film nfter deposition and etching of the lop elec- 
trode. The film is thermally cycled to 575 "C with a heating rate of 15 "C/ 
min. The stress development is shown for the case where the top electrode is 
not annealed (O) and annealed for 5 min at 500 *C in O* (•). 



PZT film (Fig. 7). Thus the heat treatment of the PZT film 
without Pi on top restores the stress situation that was 
present before the deposition and annealing of the top elec- 
trode. In Sec. Ill B it was discussed that the direction of the 
polarization is then predominantly parallel to the substrate. 

V. ELECTRICAL RESULTS 

We have investigated the switching properties of struc- 
tured ferroelectric capacitors for the as -deposited and the 
annealed top electrode. In Fig. 10 the switched and 
nonswitched polarizations (&P S and AP flS ) are shown as 
functions of the pulse amplitude (V p ). The measurements 
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a. Top electrode: As-deposited 




b. Top electrode: 5 min, 500*0. 0 2 
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FIG. 10. ti/\ (filled symbols) and &P nA (open symbols) as functions of V p 
for a 200(1 /mr forme Ice trie capacitor for ,i virgin capacitor (solid line) and 
after poling with 1000 pulses at S V (broken line) for ns-depositcd (upper 
panel) and for annealed (lower panel) top electrodes. 
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were done using single pulse switching and were carried out 
for the virgin capacitors (N=\) and after poling with 1000 
pulses at ^ = 8 V (/V=1000). 

The unannealed capacitor shows a poor switching be- 
havior for N- 1 with almost no difference between AP, and 
AP ns below 4 V and only a small difference above this volt- 
age. It is seen that poling with 1000 pulses of 8 V greatly 
improves the switching behavior. For the annealed samples 
there is little difference between the curves for N=\ and 
/V=1000, i.e., the capacitor in its virgin state is easily 
switchable. — 

, ' . ' N ) 

tVi; DISCUSSION AND CONCLUSIONS 

A hi\\y processed fenr^le^tjrjc capacitor consists of a 
PZT film witira"iow"compressive stress sandwiched between 
two platinum electrodes that both have a large thermal ten- 
sile stress of about 1 GPa (Table III). This stress situation is 
the result of the cumulative effect of the subsequent heat 
treatments applied during the processing of the Pt/PZT/Pt 
stack. 

The as-deposited bottom and top electrodes both have an 
intrinsic compressive stress. An annealing treatment reduces 
the stress level, and after cooling to room temperature highly 
tensively stressed electrodes are obtained. ^_ 

Annealing the bottom electrode prior to the sol-gel depo- 
sition of PZT is necessary in order to obtain a well- 
crystallized PZT. When the PZT is deposited on unannealed 
bottom electrodes, a poorly crystallized rosette-structured 
PZT film is obtained. 19 However, Table IV shows that the 
stress modification processes in the bottom electrode occur 
independently of the subsequent PZT and top electrode pro- 
cessing. Therefore, In any case, a bottom electrode with a 
thermal tensile stress of about 1 GPa is always obtained. 

The three-layer PZT is under tensile stress after a final 
annealing at 650 °C. The stress in the PZT film is not influ- 
enced significantly by the deposition of the top electrode and 
remains tensile in nature. 

The stress development in the PZT film during thermal 
cycling (Figs. 7 and 9) indicates that for the PZT films with- 
out a top electrode or with an as-deposited top electrode, a 
large fraction of the PZT crystallites have a large component 
of the polarization directed parallel to the plane of the sub- 
strate. This domain/crystallite orientation is essentially 
formed when the Curie point is passed while the PZT film is 
under tensile stress during cooling. It represents the energy 
minimum for PZT on top of a Pt electrode. This orientation 
is not changed when the top electrode is deposited at low 
temperatures. 

The in-plane polar orientation might explain the ob- 
served switching behavior of the unannealed capacitors (Fig. 
10). In the virgin state relatively few domains would be di- 
rected perpendicular to the substrate, and only after 1000 
pulses of 8 V have a large fraction of the domains undergone 
a 90° reorientation. This tentatively explains the significant 
improvement of the switching behavior after 1000 pulses. 

After the top electrode annealing, during which the PZT 
is heated to a temperature higher than the Curie point, the 
stress in the PZT at room temperature becomes compressive. 
After removal of the annealed top electrode the s tress - 
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temperature curve of the PZT K ^Jhows a stress which is 
hardly influenced up to about 300 °C (Fig. 9). If this curve is 
compared with the calculated thermal stress curves for the 
polarization directed parallel or perpendicular to the surface 
of the substrate in Fig. 7, it is striking that the heating curve 
of Fig. 9 up to about 300 °C is qualitatively much more like 
the "perpendicular" curve than the "parallel" one. This 
strongly indicates that in the case of an annealed top elec- 
trode the direction of the polarization within the crystallites 
of the PZT film is largely directed perpendicular to the sub- 
strate. Presumably this is the result of the enclosure of the 
PZT film between two tensively stressed electrodes during 
the cooling process and while passing the Curie point which 
modifies the state of the polarization within the PZT film at 
which the total energy is minimized. The electrical switching 
behavior showing a high switchabie polarization in a virgin 
state of the film is consistent with this orientation. 

Turning back to Fig. 9 it is clear that for a PZT film 
which has been annealed with a top electrode on top and 
from which the top electrode has been removed, at tempera- 
tures above 300 °C there is a marked increase in tensile 
stress with temperature. This indicates that after the top elec- 
trode is removed and the PZT film is heated again some kind 
of domain reorientation occurs. On cooling this film again 
after heating to 575 °C the polarization is again directed par- 
allel to the substrate which is a situation similar to that ob- 
served in the as-deposited films. This is clearly the state with 
minimal energy when there is no platinum electrode on top. 

In conclusion, the switching properties of ferroelectric 
capacitors, in particular, of virgin capacitors, are improved 
by an annealing treatment due to a reorientation of the direc- 
tion of the polarization from parallel to perpendicular to the 



. ) 

substrate. In this way fully functional capacitors can be ob- 
tained without the need for an additional poling treatment. 
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